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Abstract 17 
18 
Thermally activated building systems (TABS) consist of pipes or ducts embedded in the 19 
building structure. This is a well-known technology for its capability to reduce energy use for 20 
cooling buildings. Additionally, TABS help integrating renewable energies, such as free-cooling 21 
with ground heat exchangers (GHE). However, TABS cooling load is sensitive to the internal 22 
load, and the use of GHE for free-cooling is limited to low energy buildings.  In a previously 23 
published research, a radiant wall cubicle without internal gains demonstrated to achieve 24 
significant energy savings. However, the current research showed that under domestic and 25 
office scheduled internal gains equivalent to 42 W·m-2 the radiant cubicle increased its energy 26 
consumption for cooling more than the reference cubicle with air-to-air heat pumps. As a result, 27 
the radiant cubicle used around 20% more energy than the reference at air temperature set-point 28 
24 ºC but saved around 20% compared to the reference at 26 ºC. Despite this, the radiant wall 29 
could still reduce the cooling cost through peak load shifting even though it showed to consume 30 
more energy than a conventional HP. 31 
 32 
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Nomenclature 37 
TABS Thermally activated building systems 
HP Heap pump 
AAHP Air-to-air heat pump 
GSHP Ground source heat pump 
GHE Ground heat exchanger 
EER Energy efficiency ratio 
COP Coefficient of performance 
DB Dead band 
 38 
1. Introduction  39 
 40 
Thermally Activated Building Systems (TABS) have proven their great potential for increasing 41 
energy efficiency in buildings. This fact has encouraged much research in this field, as reflected 42 
in the most recent reviews regarding the key issues of TABS [1] and the main challenges in the 43 
control of this technology [2]. The potential of TABS is especially interesting when considering 44 
that the building sector in Europe accounts for about 40% of the energy use [3]. The huge 45 
contribution of buildings to energy use and greenhouse gas emission highlights the potentiality 46 
of this sector for targeting energy efficiency strategies and policies, as reflected in European 47 
Directive 2010/31/EU [3] and more recently in the Paris COP21 agreement [4]. Consequently, 48 
the current situation demands the implementation of energy efficient technologies that also help 49 
to increase the contribution of renewable energies, requirement that TABS can fulfil completely. 50 
 51 
TABS consist of pipes or ducts embedded in the building structure, such as floors, ceilings, in-52 
floor slabs or walls. These pipes or ducts exchange heat directly with the building thermal mass, 53 
heat that is later exchanged with indoor space through the building surfaces. First, this 54 
interaction with the thermal inertia is useful for storing heat, which can help buffering the 55 
indoor temperature fluctuations caused by internal gains or outdoor weather conditions. Second, 56 
TABS can use the big surfaces of the building to exchange heat with indoor spaces. This allows 57 
achieving significant heat flux even with low temperature gradients [5]. Consequently, TABS 58 
can be used for low temperature heating and high temperature cooling, which improves the 59 
efficiency of heating and cooling systems or allows for integration of renewable energy sources 60 
[6] such as free-cooling with cool night air [7] or ground heat exchangers (GHE) [8]. Finally, 61 
TABS mostly exchange heat by radiation with occupants. Consequently, better indoor comfort 62 
conditions can be achieved by properly regulating mean radiant temperature and, therefore, at 63 
adequate operative temperature range [9]. Furthermore, TABS characteristics imply advantages 64 
 3
such as integration to the building design and, because of the absence of fans, quiet operation 65 
and low draught risk. However, TABS also have disadvantages such as higher investment cost 66 
than conventional HVAC systems, control complexity due to its high thermal mass, and 67 
acoustic insulation issues, as raised floors and suspended ceiling limit TABS heat exchange 68 
capacity [1]. 69 
 70 
TABS show good synergy with GHE, especially in free-cooling conditions, as shown in the 71 
research on this topic. A simulation study showed that TABS assisted with ventilation had 72 
higher cooling energy demand than a conventional variable air volume (VAV) cooling system 73 
[9]. However, regarding primary energy intensity VAV used 20 % more energy, as TABS 74 
provided cooling without any vapour compression cycle, just using a ground heat exchanger. A 75 
method for pre-sizing boreholes to apply geo-cooling was defined for office buildings [10]. The 76 
method highlighted the requirement of low energy buildings, using a building with TABS as 77 
case study. Furthermore, it took into account that the boreholes were used for free-cooling and 78 
to supply a ground source heat pump for heating. On the free-cooling side, a simulation study 79 
showed that GHE supplying to radiant floors could achieve COP around 25 [11]. Moreover, it 80 
pointed out that the GHE supplied a relatively high water temperature for cooling, which helped 81 
avoiding condensation on TABS surface. Similarly, a hybrid system with radiant floor supplied 82 
by GHE complemented by a GSHP showed that the energy efficiency ratio (EER) was about 83 
five times higher with free-cooling compared to the heat pump [12]. Furthermore, the free-84 
cooling system caused less temperature variation in the soil. 85 
 86 
Previous research carried out by the authors showed the high potential for energy savings of a 87 
radiant wall coupled to a geothermal system compared to a conventional envelope and an air-to-88 
air heat pump (AAHP). In heating mode, the ground source heat pump (GSHP) achieved 89 
savings over 20% [13]. Similarly, in free-cooling mode the radiant wall cubicle coupled to a 90 
GHE achieved savings higher than 50% depending on the set-point [8]. However, some research 91 
has shown that in well insulated buildings, internal loads have higher impact in the cooling load 92 
than the outdoor conditions [14]. Additionally, other studies showed that TABS cooling load 93 
was sensitive to internal loads [15]. Furthermore, indoor comfort considerations or other issues 94 
related to superficial condensation limit the surface temperature of TABS, which results in a 95 
limited cooling capacity. For vertical TABS a maximum cooling capacity of 72 W·m-2 was 96 
suggested [16]. 97 
 98 
The current paper extends previous research on free-cooling analysis within a radiant cubicle 99 
with GHE [8]. As mentioned above, the radiant wall can have a higher cooling load than other 100 
HVAC systems. Furthermore, the GHE have limited cooling capacity related to their sizing, 101 
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 6
- Borehole temperatures at 5, 10, 20, 30 and 40 m (Sheathed Pt-100 DIN B calibrated with a 162 
maximum error of ± 0.3 ºC). 163 
- Indoor air temperature and relative humidity (ELEKTRONIK EE21 with an accuracy of ± 2 164 
%) at 1 m height of the centre of the room. 165 
- External air temperature and relative humidity (ELEKTRONIK EE21 with an accuracy of ± 166 
2 %). 167 
- Global solar irradiance (Middleton Solar pyranometer SK08 ± 2 W·m-2). 168 
- Electric energy consumption (Circutor MK-30-LCD-RS485 with an accuracy of ± 1 %). 169 
- Pulse flow meters (Zenner MTKD-N with 1 pulse per litre and maximum operative 170 
temperature of 50ºC). 171 
- Wind speed (DNA 024 anemometer). 172 
 173 
3. Methodology 174 
 175 
The main objective of this paper is to evaluate the performance of a radiant wall coupled to a 176 
GHE under intense internal loads in comparison to a conventional system. An infrared radiator 177 
HJM mod.301 was used to simulate heat load occupancy profiles, these had three electric 178 
resistances of 300 W each which could be activated separately, an thus each radiator could 179 
provide 300 W, 600 W, or 900 W. 180 
 181 
3.1. Tests 182 
 183 
The design parameters of the test consisted of set-point temperatures, active cooling schedule, 184 
internal gains and GHE dead-band (DB). This last parameter was intrinsic to GHE controller 185 
and it was used to deal with the thermal inertia of the system. DB avoided continuous on-off 186 
switching of the pumps when the indoor temperature was in close proximity to the set-point 187 
value. The DB introduced a range of set-back temperature around the set-point value, which 188 
implied switching on the pumps when the indoor temperature exceeded the top boundary 189 
switching them off when indoor temperature dropped down below the bottom boundary. In 190 
contrast, the AAHP works with a default DB that cannot be adjusted through the controller, 191 
although, by using the fan coil this system has fast response and does not need the DB for 192 
avoiding overcooling due to the dynamics of the system. Furthermore, some tests were carried 193 
out in different seasons to compare the influence of internal heat gains and outdoor heat gains. 194 
Therefore, tests were carried out in spring and in summer. 195 
 196 
As commented above, the minimum power per radiator was 300 W. However, in order to ensure 197 
symmetry of the internal gains, two radiators facing opposite directions were used in each 198 
 7
cubicle. Consequently, the minimum internal gains that could be applied in the experimental 199 
set-up was 600 W, which correspond to 42 W·m-2 per cubicle. This was the internal gains value 200 
used in all the tests, although different schedules of activation of the radiator were tested. The 201 
following tests were conducted: 202 
 203 
- Maximum cooling capacity: These tests were carried out under continuous internal gains 204 
while cooling was allowed for 24 hrs operating at a set-point of 24 ºC. The AAHP worked 205 
under normal operation while the GHE was tested with a DB of 1 ºC and 1.5 ºC. The main 206 
objective was to obtain the maximum cooling capacity of the GHE and its performance both 207 
in spring and summer conditions. Additionally, the effect of the DB on the energy use of the 208 
GHE was checked. 209 
 210 
- Scheduled internal loads: In these tests the internal loads followed occupancy schedules 211 
simulating the presence of activity (people and equipment). In the first case, an office 212 
schedule was applied with occupancy periods from 8:00 hrs to 13:00 hrs and from 14:00 hrs 213 
to 17:00 hrs. In the second case, a domestic schedule was applied with occupancy periods 214 
from 17:00 hrs to 8:00 hrs. Each schedule is consistent with occupancy profile reported in 215 
literature for office [18] and domestic [19] buildings, although, for the reasons mentioned 216 
above the internal gains were kept constant at 600 W. In both cases, the AAHP maintained a 217 
constant set-point for 24 hrs, with each reference maintaining 24 ºC and 26 ºC, respectively. 218 
In contrast, the radiant wall was operated with a night pre-cooling control strategy, with a 219 
set-point of 24 ºC from 0:00 to 8:00 and a set-point of 26 ºC for the rest of the day. The 220 
objective was to check the capability of the radiant wall to keep the comfort conditions 221 
under internal loads and using a control strategy that should mainly operate during low cost 222 
periods. 223 
 224 
3.2. Measurements 225 
 226 
The monitoring system registered the values of all sensors every five minutes. The thermal 227 
energy of the radiant walls and the boreholes were calculated assuming that the fluid 228 
temperature measured every five minutes could have been applied to the whole time interval as 229 
an average value. Moreover, the flow was calculated by dividing the amount of litres registered 230 
by the time step. 231 
 232 
As a significant part of the heat exchange of the radiant wall was mainly by radiation, the indoor 233 
air temperature of the cubicle was not identified as a good indicator of thermal comfort 234 
conditions, since underestimation of radiant power was expected. Consequently, the more 235 
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representative operative temperature was used to evaluate thermal comfort conditions. As this 236 
parameter could not be directly measured with the used experimental set-up, it was calculated 237 
using air temperature sensors and indoor surfaces temperature sensors. The calculation was 238 
done according to the procedure from ASHRAE [20] for moderate microclimate conditions. 239 
First the mean radiant temperature was calculated for a point at the centre of the cubicle at a 240 
height of 1 m, which was the actual position of the air temperature sensor. Then, the operative 241 
temperature was calculated with the average between mean radiant temperature and air 242 
temperature, as it was assumed that air speed was lower than 0.2 m·s-1. 243 
 244 
3.3. Cost calculation 245 
 246 
The operational cost of the AAHP and the GHE were calculated according to variable electricity 247 
tariff in Spain. Moreover, the fix cost of the electric connection was not considered because it is 248 
related to the power term and this parameter was not influenced by the research of this paper. 249 
The electricity cost corresponded to 0.065514 €·kWh-1 in the low cost period, from 22:00 hrs to 250 
12:00 hrs, and 0.145586 €·kWh-1 the rest of the day [21].  251 
 252 
4. Results and discussion 253 
 254 
4.1. Maximum cooling capacity 255 
 256 
Four experiments were conducted for the maximum cooling capacity assessment. The spring 257 
tests were done from May 16th to May 23rd 2016 for a DB of 1 ºC and from May 28th to June 6th 258 
2016 for a DB of 1.5 ºC. Similarly, summer tests were carried out from July 26th to August 1st 259 
2016 for a DB of 1 ºC and from August 2nd to August 10th 2016 for a DB of 1.5 ºC. Weather 260 
conditions during each test are summarized in Table 1 and Figure 3. 261 
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and the boreholes decreased. Consequently, the thermal power of the system decreased along 273 
the activation periods. Figure 4 shows the borehole temperatures and the flow, inlet and outlet 274 
temperature of the GHE along the experiments. 275 
 276 
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 In summer the GHE needed to operate for 24 hrs, as it had not enough power to cool down the 282 
cubicle in the range of the dead-band. Table 2 shows that the average thermal power decreased 283 
from the first summer test (DB 1 ºC) to the second one (DB 1.5 ºC). Both tests were executed 284 
consecutively, thus these results are consistent with the increase of the boreholes temperature 285 
during the test operation, as reflected in Figure 4. As the flow was constant, the thermal power 286 
decreased continuously as the temperature gradient decreased. On the other side, the heat loads 287 
in spring were low enough for the GHE to cool down the cubicle and work under the dead-band 288 
cycle. In these conditions, the temperature at the boreholes recovered its base values between 289 
activations, although some heat storage was observed in the boreholes. Consequently, the 290 
temperature gradient during activation was higher and this resulted in a higher thermal power 291 
and a better overall performance of the system, as shown in Table 2. Finally, the different tested 292 
DB did not show significant performance modification. However, the test conditions limited the 293 
influence of this parameter because the internal load was similar to the cooling capacity of the 294 
system, and thus the activation periods were very long in all cases or the system had to operate 295 
constantly. 296 
 297 
Table 2. Results of maximum cooling capacity tests 298 
Test Energy use 
(kWh) 
Operation time  
(% of daily hours) 
Radiant 
wall 
average 
thermal 
power  
(W) 
GHE 
COP 
Heat 
exchanger 
efficiency Radiant 
wall+GHE 
Reference Savings Radiant 
wall+GHE 
Reference 
Spring 
1ºC DB 
14.697 9.262 -36.98 % 19.89 % 28.81 % 742.16 3.08 70.84% 
Spring 
1.5ºC 
DB 
29.103 17.110 -41.21 % 52.70 % 86.81 % 643.34 2.66 70.02% 
Summer 
1ºC DB 
37.380 22.944 -38.62 % 100 % 95.94 % 577.25 2.38 67.36% 
Summer 
1.5ºC 
DB 
50.480 24.530 -51.41 % 99.92 % 85.44 % 493.22 2.06 68.39% 
 299 
4.2. Scheduled internal loads 300 
 301 
The office schedule internal loads test was carried out from July 7th to July 14th 2016 followed 302 
by the domestic schedule test which was carried out from July 16th to July 25th 2016. Weather 303 
conditions for both tests are summarized in Table 3 and Figure 5. 304 
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resulted in a poor performance of the system in terms of energy use. In the tested conditions, the 387 
average thermal power removed from the walls was between 742.16 W and 493.22 W, which 388 
correspond to a cooling capacity of the radiant walls of 20.36 W·m-2 and 17.65 W·m-2. These 389 
values were much lower than the theoretical maximum of 72 W·m-2 [16] because of the limited 390 
supply temperature achieved by the GHE. This is relevant point to take into account in an actual 391 
implementation of this system, correct sizing of the boreholes and the heat exchanger would be 392 
critical to ensure that the system could deal with the heat loads. However, as the radiant wall 393 
only deals with sensible loads, in an actual application the system should be complemented by a 394 
ventilation system, specifically designed to help fulfilling all the cooling loads. 395 
 396 
Additionally, the experimentation clearly showed that the radiant wall works better under 397 
intermittent operation. Due to low conductivity of boreholes, the temperature rose during the 398 
operation, causing a decrease of thermal power during continuous operation. A control strategy 399 
that considers this factor could achieve better average thermal power and optimize the overall 400 
performance of the system, as the total operation time could be reduced [22]. This intermittent 401 
operation would also help dealing with the thermal lag of the radiant wall. 402 
 403 
A good strategy for exploiting the potential of the radiant wall coupled with the GHE was the 404 
night pre-cooling. This operation mode ensured certain intermittency of the system by storing 405 
energy in the wall during a period. Then, the thermal inertia of the system buffered the heat 406 
gains during the rest of the day while the temperatures in the boreholes regenerated. This was 407 
useful for shifting the energy use to low cost periods, which resulted in cost savings despite the 408 
increased energy use in certain cases.  409 
 410 
Additionally, the internal gains used in the tests were very high. According to ASHRAE [20], 411 
considering a load factor of a heavy density office occupied by two people on moderately active 412 
office work, the sensible heat gains would be around 39 W·m-2, which is lower than the 42 413 
W·m-2 used in the experimentation. This meant that the test conditions were carried out under 414 
very heat intensive conditions, an upper boundary of office heat loads. Regarding this, the 415 
research on the reduction of energy use in buildings is focused on improving the performance of 416 
the systems as well as on the reduction of the heating and cooling loads. Consequently, the 417 
tested conditions were representative of a current building, but do not match with a future 418 
scenario of low energy buildings. This scenario will synergistically improve the performance of 419 
the radiant wall coupled to a GHE.  420 
 421 
Finally, the radiant walls were built as normal brickwork wall in which grooves were cut, the 422 
pipes embedded and concreted. As a result, the radiant walls were much more expensive than 423 
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the conventional ones. The initial work was the same, however, cutting the grooves added many 424 
person-hour and a lot of waste. Then, the pipes had to be embedded and concreted, which was a 425 
complex and time consuming task. The cost of all this tasks made this radiant wall design 426 
unfeasible for implementation in buildings in the current prototype configuration. Nevertheless, 427 
this was the simplest tailored approach found for testing a radiant wall, as there were no 428 
commercial systems for it. This said, the currently available results encourage further research 429 
in order to bring the radiant wall to commercial stage. 430 
 431 
The radiant wall showed promising capabilities toward achieving zero-energy buildings. First, it 432 
could reduce the energy demand of the building. Moreover, it allowed for integration of 433 
renewable energies such as free-cooling with GHE. However, the main asset was the thermal 434 
energy storage capacity, which could be the key point for integration of renewable energies in 435 
the building. The active use of the thermal inertia could allow exploiting intermittent energy 436 
sources such as free-cooling with cool night air [7] or off-setting the energy use of a heat pump 437 
by activating it while PV panels produce energy during the day [23]. 438 
 439 
6. Conclusions 440 
 441 
The influence of internal loads on the performance of a radiant wall coupled to a GHE was 442 
experimentally studied. The main objective of the research was to show the capacity of the 443 
system to keep thermal comfort under different weather conditions and internal loads schedules, 444 
evaluating both its cooling capacity and peak load shifting ability. 445 
 446 
The GHE limited the cooling power of the system, as the thermal power was proportional to the 447 
temperature gradient between the boreholes and the indoor temperature. As the temperature in 448 
the boreholes tended to increase during activations, the thermal power tended to decrease in 449 
long activations. Despite this, the radiant wall coupled to the GHE could maintain comfort 450 
conditions during its activation periods. Moreover, the tested conditions corresponded to a high 451 
energy intensive office. In case of less energy intensive building, for example residential 452 
buildings, the system would better exploit the potentiality of free-cooling. 453 
 454 
Furthermore, the average thermal power and overall efficiency of the radiant wall coupled to 455 
GHE could be improved by intermittent operation. The low conductivity in the boreholes and 456 
inside the walls resulted in the progressive increase of the temperatures in the boreholes while 457 
the temperatures in the wall decreased during operation, this resulted in a reduction of 458 
temperature gradient. Consequently, continuous cooling resulted in a progressive decrease of 459 
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the cooling capacity and the overall system efficiency. However, with intermittent operation the 460 
temperatures at the boreholes could be regenerated, thus improving the heat transfer efficiency. 461 
 462 
Additionally, the radiant wall showed its capability to store energy and shift the peak load, even 463 
under very hot weather conditions and intense internal gains. With a good management of the 464 
comfort range the system could shift most of its active time to low energy cost periods or to 465 
periods with renewable energy availability, such as consuming the power directly supplied by 466 
PV systems. As a result of this potentiality, the tests under scheduled internal gains showed that 467 
in some cases the radiant wall coupled to a GHE consumed more energy than the references, 468 
despite this, the pre-cooling strategy resulted in a lower operational cost of the radiant cubicle in 469 
all cases. 470 
 471 
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